In order to commemorate the scientific work of Sir Charles Sherrington, I propose to discuss the anatomical and physiological basis of the fusion of the images presented to the brain by the two eyes. Sherrington dealt with this subject in the last chapter of 'The Integrative Action of the Nervous System ' (1906) . 1 propose to be sufficiently unfilial to attack not the experimental results, which stand, but his interpretations, which he repeated in his last scientific writing, the introduction to the new edition of 'The Integrative Action' in 1947.
Part of the reason for reopening this question is neuroanatomical, and Sherrington's attitude to neuroanatomy was deeply ambiguous. On the one hand, his determinations of the segments supplied by anterior and posterior roots of the spinal cord, the ratio of motor nerve fibres to muscle fibres, were classical observations essential for his life's work. His interest in the detailed structure of the spinal cord continued all his life. Thomas Marsland told me recently that his duty during term was to embed the blocks of spinal cords in paraffin wax so that Sir Charles could cut them himself as soon as the vacation came. I remember seeing him cutting, with his own hands, sections for the last paper on spinal border cells. On the other hand he despised gross anatomy and, in a letter to Sharpey-Schafer, said he hoped to see anatomy fall to the technological level appropriate to it. He encouraged and helped Campbell to produce his book on cortical structure in 1905 and indeed refers to it, but he avoided discussion of cortical or cerebellar fine structure. Speaking of convergence of visual pathways from both eyes on to one hemisphere he says: 'But in such questions the inferences obtainable from mere anatomical features are equivocal and often remote in bearing'. At this time, too, the organization of the projection of the retina to the lateral geniculate nucleus and the visual cortex had not yet been worked out by the labours of Henschen (1926) and Minkowski (1913) . Sherrington's knowledge of the variety of results of stimulating one point of the motor cortex, the facilitation, the replacement of flexion by extension or by a totally different movement, discouraged any simplistic ideas of cortical localization. Sherrington, conscious of the heights of human performance, a poet deeply versed in painting and literature, disliked, I think, the idea of identifying structures and processes responsible for our greatest achievements: 'Some people think that thinking is nothing but electric currents. Well!' Electric currents in a defined and rigid structure were perhaps even less attractive. Precise description of machinery might help the simple-minded to regard the brain as a mere machine. It is clear from his chapters in Sharpey-Schiafer's 'Textbook' (1898-1900) and frclfn 'The Integrative
Action' that Sherrington knew the nineteenth century literature on sensory physiology and perception very well indeed. In that literature was Helmholtz's attack on nativism and support for empiricist views (1924-25; first published 1867).
There was also vigorous discussion in physiological optics and in popular scientific lectures on binocular vision as a field in which nativist and empirical views were sharply opposed. Helmholtz had little difficulty in showing that a simple additive process of excitation of corresponding points in a visual field was inadequate to account for binocular vision. Wittgenstein (1967) describes the same attitude briefly when he says: 'It is anything but a matter of course that we see three-948 Proc. roy. Soc. Med. Volune 65 November 1972 dimensionally with two eyes. If the two visual stimuli are amalgamated we might expect a blurred one as a result.' Our aim today is to see how two stimuli from corresponding and from non-corresponding points can be amalgamated without in fact producing a blurred picture.
Probably influenced by Hering, Sherrington devised a flicker lantern by which two illuminated discs could be presented to the left and right eyes respectively, arranged so that the flicker frequency and the moment of 'on' and 'off' of illumination could be varied separately for the two eyes. A further pair of discs was arranged immediately under the first pair so that comparison with a different flicker frequency could be made with a vertical movement of only a few degrees. The results were quite clear-cut. The frequency of intermission needed to abolish fficker was almost identical for binocular and monocular stimulation. It did not matter whether binocular stimulation was simultaneous, alternate, or 90 degrees out of phase. For constant flicker rate and varied intensities, the brightness of the binocular field was a little greater than the mean of the brightnesses of the two monocular fields. The situation is, therefore, clearly different from that at flexor motoneurones, where the central excitatory state from two nocuous stimuli simply adds. Here the binocular sensation of brightness is developed apparently from two monocular sensations which are produced independently and do not add. At this point Sherrington, I think, makes the assumption that all binocular sensation must pass through the stage at which monocular stimuli have reached consciousness and concludes that there is no significant convergence of pathways, that stereoscopic vision is a psychic phenomenon related to higher centres. 'The limitless postulation of spatial conjunction of cerebral elements by conductive channels leads ... to an ultimate fallacy which Professor James has trenchantly termed that of the "pontifical cell".' To avoid this fallacy Sherrihgton suggests that pure conjunction in time without necessary cerebral conjunction in space lies at the root of the problem of the unity of mind. As has been remarked by others, section of the corpus callosum in man has shown that the unity of mind is thereby severely impaired, even though conjunction in time and separation in space has been unaffected.
Sherrington was well aware that contours are somehow seized upon in binocular fusion in a way that uniformly illuminated discs are not.
More recently Julesz (1971) has developed random multi-element patterns which can produce a pattern displaced in space when seen binocularly although no trace of this pattern has been visible to each eye alone. The mechanism is basically simple. A few rows of dots are shifted one space, say to the right, and the gap so formed filled up with more dots seen by one eye only. If we view the original pattern with the left eye and the shifted one with the right so that the lines of sight to corresponding points are uncrossed, the centre square appears farther away than the surround; if they are crossed it appears nearer. If, however, the central pattern is made to repeat regularly so that an 'A' seen by the left eye can fuse with an 'A' to the left or one to its right both in the right eye's field, then the central square becomes ambiguous and can be seen as near or far, depending on the last unambiguous near or far pattern that has been looked at.
Not only do we see binocularly a pattern not hinted at in the monocular fields, but a monocular field which has clear bilateral symmetry may show no sign of symmetry when the pattern is broken up by 'near' areas in the binocular fields. Defocusing of one field does not abolish the stereoscopic effect, and although we only see the focused field we retain the illusion of depth contributed by the defocused field which we cannot see.
Various writers on visual sensations, notably K N Ogle and Davson, had previously insisted on the immediacy and compelling nature of stereoscopic sensations and suggested that they were not in fact due to processes going on 'at the highest level' of perception but that stereoscopic vision was a sensation in its own right.
Recently Barlow et al. (1967) and Nikara et al. (1968) have established that there is in cats a neuronal mechanism which has the necessary properties to be the basis ofstereoscopy. Basically, although a number of cortical cells have binocular fields whose horizontal separation in space corresponds exactly to the angle between the visual axes of the two eyes, there are aiso a number of cells whose binocular fields are separated by up to 1 degree more or less than this. This means that cells with uncrossed fields would normally be excited by single stimuli beyond the fixation point, while those with crossed fields would respond to single stimuli closer than the fixation point. This was demonstrated very clearly by D H Hubel in his recent Ferrier Lecture, when he showed a film in which a ruler moved between a monkey and a screen had no effect at the screen nor at the monkey's eyes, but midway between the two it excited a binocular unit. Hubel & Wiesel (1969) have recently answered the old question of the exact endings of fibres from each eye in the visual cortex of the monkey by making small lesions limited to one layer of the lateral geniculate nucleus. Each layer is excited by fibres from one eye. In the cortex the endings of geniculate cells supplied by one eye form long narrow columns or slabs less than 1 mm wide and separated from their neighbours by corresponding columns or slabs supplied by the opposite eye. Degenerated nerve endings are to be found in Layer 4, and the corresponding cells at this level have strictly monocular fields. More deeply and more superficially in the same cortical column cells can be driven by both eyes but are dominated by the eye which supplies Layer 4. Obviously there must be lateral connexions from closely adjacent columns to the deeper and more superficial cells.
It is not until one moves forward into Area 18 in the monkey that one finds cells driven equally by both eyes, as well as cells with disparities between their two receptive fields of about 1 degree, almost exclusively driven by binocular stimulation and needing exact correspondence between the visual stimuli (Hubel & Wiesel 1970a ).
In the midline there is a little difficulty. For a target to be seen closer than the fixation point its retinal images must both fall on the temporal retina, giving rise to excitation of both hemispheres if the retina is split exactly through the fovea or area centralis. In this case these visual fields can only be compared by impulses traversing the corpus callosum. However, Stone (1965) has established that the areas of retina supplied by crossed and uncrossed optic tract fibres overlap. Sanderson & Sherman (1971) have established overlap of visual fields across the midline in cells of the lateral geniculate nucleus and Leicester (1968) has observed similar overlap of fields in the visual cortex of the cat. This survives section of the corpus callosum. Berlucchi et al. (1967) , however, have found similar overlap of receptive fields in the cat's cortex after chiasmal section which would destroy any crossing fibres from the region of overlap. Our own observations on the cortex of cats after cutting the optic tract on one side made it quite certain that the corpus callosum transmits impulses concerned with the midline (Choudhury et al. 1965) , so that in the cat information about the midline reaches the cortex by both pathways.
There is still a point of confusion to be cleared up. If these callosal fibres are the basis of midline stereopsis, as Blakemore (1969) has suggested, they should carry impulses from one eye only. In fact, all our cells were binocularly driven as were the fibres recorded by Hubel & Wiesel (1967) .
Most of Berlucchi's fibres were binocular and some of the monocular fibres could not be held long enough to be definitely identified as monocular or uniocular. Recently, Peter Clarke and I have been studying such cells at leisure by identifying them with an antidromic volley from the opposite visual cortex. Our yield so far has been small, but these cells have all been binocular, with responses to binocular stimulation very much better than responses to each eye alone. The question must be re-examined by this technique in the monkey, in which depth cells do not respond to monocular stimulation at all, though they fire briskly to binocular stimulation. Some of these cells should be driven by monocular callosal fibres.
I understand that Bishop and his colleagues are looking for overlap at the decussation line in the monkey's retina. In man, surprisingly, such data do not seem to exist, though van Buren (1961) has some data from flat mounts of the retina.
Studies by Blakemore (1970) and Mitchell & Blakemore (1970) on a patient with surgical section of the corpus callosum have contributed the very important point that though the patient could distinguish 'near' from 'far' for stimuli in the right field which travelled entirely to the left hemisphere, he could not distinguish the position of stimuli relative to the fixation point when they lay on the midline. The stimuli used were separated by 0.5-5 degrees. Equally important, a patient whose chiasma had been severed was unable to see stimuli beyond the fixation point, but was quite certain about stimuli closer than the fixation point. Any crossing fibres would have been interrupted at the chiasma, so again the corpus callosum seems sufficient for stereoscopic vision in man.
These conclusions have been criticized by Bishop & Henry (1971) , who point out correctly that fine stereopsis with fusion of two monocular images occurs with separations of from 2-4 up to 20-30 seconds of arc. With greater separation from 0.5 to 5 degrees the object is seen double but there is no doubt that one can see the double images as nearer or further. Bishop & Henry claim that retinal overlap is responsible for fine stereopsis, but the callosum may play some part in coarse stereopsis. Certainly the disparity between fields in the cat's 17/18 border is about 0.9 degrees horizontally, and the fields are usually small and equal. To account for coarse stereopsis Westheimer & Mitchell (1969) have said that one needs to find cells with large fields, little orientation specificity and considerable disparities.
We are getting into a rather ridiculous situation in trying to account for human stereopsis on the basis of the behaviour of cells in the 17/18 border of the cat. Recently Dr Madhu Kalia and I have looked at the border of 19 in the cat and we have found very small, highly hypercomplex fields, as to be expected from the work of Hubel & Wiesel (1965) , but also very large equal fields over 10 degrees across, and some cells with one small field and one very large field. These need further investigation but some at least seem to be concerned with moving targets, moving either towards one eye or across the subject's front. For some really relevant information we must probably wait for the work of Zeki (1970, 1971) , who has found Visual Areas IV, V and VI in front of the foveal representation of the monkey, all of which have callosal connexions and are concerned with the vertical meridian.
There is some new information about the anatomy of this pathway. Myers (1962) showed that callosal representation was limited to a narrow band almost surrounding Area 17 in the monkey, with a further band now thought to lie at the outer boundary of Area 19. Zeki's bands lie further anteriorly in the lunate sulcus. Cytoarchitectonically a specialized border zone, called by von Economo (1929) OBy or OBg, has been described in monkey, chimpanzee and man at the boundary of the striate area (von Bonin 1942) . This band becomes more clearly marked by the presence of large pyramidal cells in Layer III as one moves up the primate scale. Von Bonin (1939) expected these fibres to be concerned in the control of movement but could not get movement from stimulation. Dr M Glickstein (1972, personal communication) has found this collection of large pyramidal cells severely shrunken in monkeys after callosal section. Professor P M Daniel (1972, personal communication) has kindly shown me sections of the striate region in 2 patients after hemispherectomy, and here again the cells of OBy are far from normal. The large cells, therefore, seem very likely to be cells of origin of callosal fibres, and they are probably concerned with midline stereopsis. Choudhury et al. (1965) suggested that callosal fibres were needed for linking up straight lines projected across the vertical meridian to both visual fields. Gazzaniga et al. (1965) have shown that this may be grossly defective in patients with section of the corpus callosum, so that they cannot tell if lines in each field are parts of straight or broken lines. It seems likely that moving targets which cross the vertical meridian have their distance estimated by depth cells and their velocity by a master cell scanning the depth cells, and this information must be quickly transmitted to the opposite hemisphere. Obviously we do not know which of the callosal pathways are responsible for these functions, but there is evidence that transference of the learning of a pattern in the cat is not a function of the 17/18 and 19 callosal connexions (Berlucchi 1972) . Put positively, the callosal fibres of 17/18 and 19 are probably limited to events occurring close to the vertical meridian, though Zeki's IV and IVa areas may be concerned in these events as well.
We now have separate mechanisms for dealing with 'near' and 'far' in the peripheral fields and a special mechanism dealing with the midline. While this is an elegant solution of a problem which has perplexed physiologists for a hundred years it is interesting to see if it throws any light on the problems of those who deal with the abnormalities of binocular fusion.
Here it has no rivals to deal with. Even Worth's 'fusion faculty' has never had a neurophysiological basis and the various attempts to describe the process of fusion have been verbal constructions. It is an interesting speculation that cells with uncrossed disparities stimulated by far objects produce divergence and those with crossed disparities stimulated by near objects produce convergence. Richards & Foley (1971) have evidence that some people can distinguish points beyond the fixation point but not those nearer, while others can only distinguish near objects. It is also possible that some subjects have failure of stereopsis limited to the midline. We need, in fact, to review the battery of tests for stereopsis to find whether they can distinguish between various neurophysiological mechanisms. We also need some measurement of the power of stereopsis, of the 'drive for fusion' exerted by different kinds of targets. In this field recent experiments of Fender & Julesz (1967) are relevant. They combined their techniques to project Julesz random dot patterns as stabilized images for both eyes. In a stabliized image, light is reflected from a mirror on a contact lens and back into the eye through a telescope which halves the angular movement of the beam. In this way the image stays on the same retinal elements in spite of eye movement. In these conditions two parallel lines remained fused until the images were separated by 40 seconds, but two Julesz patterns could be separated by 2 degrees before the images became double. Clearly the Julesz pattern produces a much stronger stimulus for maintaining fusion than do the parallel lines.
The new approach to binocular vision has most to offer in providing both ideas about and methods of investigating the development of binocular vision in early life. Hubel & Wiesel (1963) have shown that kittens have cells with binocular fields at birth, but that if binocular activity is stopped by occluding one eye, by producing a squint surgically or by occluding one eye alternately each day, after three months there are very few binocularly driven cells, and no recovery occurs later. Interference with binocularity after three months in the kitten seems of little importance (Hubel & Wiesel 1970b ). In the monkey von Noorden & Dowling (1970) have shown that amblyopia can be produced by unilateral occlusion or by inducing an artificial squint during the first six months of life. Even in frogs Gaze et al. (1970) have shown that the projection of the retina to the colliculus is determined, but the appearance of binocular connexions with the other colliculus requires experience of simultaneous stimulation of corresponding points. In man a similar interplay of inborn mechanisms with experience of sharply focused stimuli seen binocularly during the first four years of life is probably necessary for the development of stereopsis. As long as one continues to believe that perception is primarily monocular and that stereoscopy is an affair of higher centres it remains reasonable to treat amblyopia by complete occlusion of the good eye. Undoubtedly the acuity of the amblyopic eye improves and one may hope that 'higher centres' will rebuild connexions needed for stereoscopic vision. If, however, one believes, and for man this is still a question of belief, that cells with binocular fields are to be found in Areas 17 and 18 and that simultaneous stimulation of corresponding points during very early life is essential for the development of such fields, then clearly the continued use of one eye alone is difficult to justify. The area where new knowledge is needed is the extent and duration of plasticity in the cortex. By plasticity I mean the power to break existing connexions and to acquire new ones. The loss of normal connexions is not very surprising. Blakemore (1970) has shown that a kitten reared in an environment where it sees only horizontal or vertical bars has a preponderance of horizontal or vertical units in its visual cortex. More impressive is the demonstration by Shlaer (1971) of the development of a vertical disparity of about 2 degrees in a kitten given a vertical disparity of 4 degrees by prisms on its contact lenses. The development of abnormal retinal correspondence, by which a subject apparently fuses foveal images in one eye with those of a point in the peripheral field of the other eye, only occurs in those whose squint develops before the age of 4. After this age squint apparently never leads to abnormal retinal correspondence, and the cortical representations of the visual fields appear immutable. It is easy to think of plasticity as selection of favoured branches from the terminal tree of endings, but according to Sholl (1956) the width of the terminal tree amounts to only about 650 ,im in the cat, which could only give a shift of less than 1 degree at the area centralis. New growth of terminal branches or dendrites may occur. Abnormal retinal correspondence is said to occur in 80% or more of those with early squints of 40-50 degrees (Burian 1958) . Relatively few of these patients have harmonious correspondence, but even 15 degrees of abnormal retinal correspondence would require connexions between the representation of the fovea at the posterior pole and a point anteriorly more than halfway along the total extent of the striate area. In monkeys the first 10 degrees occupy half the visual area and though figures for man are less exact they are unlikely to be very different. So far we have no idea at all of how plasticity or indeed any other mechanism could take part in such a radical reorganization. Fortunately the monkey's vision is so similar to man's that we may hope that an experimental attack on this problem will be profitable and that we shall increase our understanding and control of binocular vision. I think the difficulties experienced by Sherrington and Helmholtz result from a preference for too simple a hypothesis. Clearly monocular impulses arrive in the cortex, but their arrival there is far from sufficient for the production of monocular sensation. While other visual areas are being excited as part of monocular sensation, binocular mechanisms, probably separate for near and far, are being excited and a great number of processes proceed in parallel. Some may produce corrective eye movement, others do not. What part the heavy back projections from 18 and 19 into 17 play in these processes we do not know. I do not think, however, that elucidation of a small part of this mechanism will decrease our respect for the cerebral cortex; indeed, as we see more clearly a tiny part of this vast structure, our astonishment at its performance is likely to increase.
